PII is a protein allosteric effector in Escherichia coli and other bacteria that indirectly regulates glutamine synthetase at the transcriptional and post-translational levels in response to nitrogen availability. Data supporting the notion that plants have a nitrogen regulatory system(s) includes previous studies showing that the levels of mRNA for plant nitrogen assimilatory genes such as glutamine synthetase (GLN) and asparagine synthetase (ASN) are modulated by carbon and organic nitrogen metabolites. Here, we have characterized a PII homolog (GLB1) in two higher plants, Arabidopsis thaliana and Ricinus communis (Castor bean). Each plant PII-like protein has high overall identity to E. coli PII (50%). Western blot analyses reveal that the plant PII-like protein is a nuclear-encoded chloroplast protein. The PII-like protein of plants appears to be regulated at the transcriptional level in that levels of GLB1 mRNA are affected by light and metabolites. To initiate studies of the in vivo function of the Arabidopsis PII-like protein, we have constructed transgenic lines in which PII expression is uncoupled from its native regulation. Analyses of these transgenic plants support the notion that the plant PII-like protein may serve as part of a complex signal transduction network involved in perceiving the status of carbon and organic nitrogen. Thus, the PII protein found in archaea, bacteria, and now in higher eukaryotes (plants) is one of the most widespread regulatory proteins known, providing evidence for an ancestral metabolic regulatory mechanism that may have existed before the divergence of these three domains of life.
As the pathways of carbon and nitrogen metabolism are highly coordinated in higher plants, it is likely that crosstalk between signals derived from carbon and nitrogen metabolites may exist in plants, as they do in bacteria. In plants, supplementation of growth media with sucrose and organic nitrogen can cause changes in the expression of some nitrogen assimilatory genes, such as those encoding the enzymes nitrate reductase (NR) (1, 2) , glutamine synthetase (GLN) (2) (3) (4) , and asparagine synthetase (ASN) (4, 5) . Whereas mechanisms for metabolite sensing are known in bacteria, the means by which these signals are sensed in plants have yet to be discovered. The ability of plants to sense changes in the levels of carbon and nitrogen metabolites is reminiscent of a nitrogen regulatory system (Ntr) in Escherichia coli. A component of the Ntr system in E. coli is a protein called PII (encoded by the glnB gene), which interacts with other regulatory proteins to regulate the activity of the glutamine synthetase (GS) at the post-translational level and the transcription of the gene encoding GS (glnA) (6) (7) (8) . Under nitrogen-limiting conditions, the PII protein is uridylylated by uridylyltransferase and the PII-UMP then interacts with an adenylyltransferase to deadenylylate and activate the GS enzyme (6, 7) . By contrast, under conditions of nitrogen excess, PII-UMP is deuridylylated allowing it to interact with adenylyltransferase to cause the adenylylation and inactivation of the GS enzyme. PII can also interact with a two-component system (NtrB͞NtrC) to decrease glnA transcription whereas PII-UMP appears to have no effect (7) (8) (9) (10) (11) (12) (13) . Thus, the protein allosteric effector PII works in concert with other proteins, including uridylyltransferase, adenylyltransferase, NtrB, and NtrC, to regulate E. coli GS at multiple levels in response to the status of carbon and nitrogen metabolites (6) (7) (8) (9) (10) (11) (12) (13) (14) (15) .
Here, we report the identification and characterization of a plant gene GLB1 encoding a PII homolog found in Castor bean and Arabidopsis. Before this report, the only glnB gene identified in a eukaryote was shown to be bacterial origin because it was located on the chloroplast genome of a red alga, Porphyra purpurea (16) . We demonstrate that the Arabidopsis GLB1 gene is nuclear whereas the PII-like protein it encodes is chloroplast-localized. Levels of GLB1 mRNA are regulated by light and metabolites. To test the in vivo function of the Arabidopsis PII-like protein, we created transgenic plants that express GLB1 constitutively. Analysis of these PII overproducing Arabidopsis supports the notion that the plant PII-like protein may be one of the components involved in signaling the status of carbon and organic nitrogen in higher plants.
MATERIALS AND METHODS
Plant Materials. The plant tissues used in all experiments were from A. thaliana Columbia ecotype. Plants were grown on MS agar plates [MS salts (GIBCO͞BRL), pH adjusted to 5.7 with potassium hydroxide, 0.8% (wt͞vol) agar] containing 3% sucrose. The concentrations of Asn, Gln, and Glu supplied in the media were as previously described (5) . MS basal medium without a nitrogen source used in Fig. 6 was from GIBCO͞BRL (formula no. 97-5068EC). Plants were grown in EGC growth chambers at 45-60 E m Ϫ2 sec Ϫ1 on a 16-hr light͞8-hr dark cycle, unless otherwise noted.
Isolation of Castor Bean and Arabidopsis PII cDNA Clones. A ZAPII library containing cDNAs from developing endosperm and embryos of castor bean (Ricinus communis) seeds was used for mass sequencing (17) . One of the clones sequenced showed similarity to the bacterial nitrogenregulatory protein PII. The GLB1 cDNA clone of castor bean is not full length, in that the derived peptide is missing methionine at the N terminus (Fig. 1C) . This 0.85-kb cDNA was used to screen an Arabidopsis genomic library at a reduced stringency as follows. The hybridization was performed with QuickHyb (Stratagene) at 50°C for 1 hr, washing was with 2ϫ SSC and 0.1% SDS, 5 min twice at room temperature followed by 0.5ϫ SSC and 0.1% SDS at 50°C for 30 min. One Arabi-dopsis genomic GLB1 clone with a 3-kb DNA insert was isolated. A 1.1-kb NcoI-NcoI DNA fragment of the genomic clone was used to screen an Arabidopsis silique (pod) cDNA library. Under high stringency hybridization conditions, two Arabidopsis cDNA clones were obtained from 1 ϫ 10 6 plaques. These Arabidopsis GLB1 cDNAs were sequenced by using the Sequenase method (United States Biochemical).
Antibody Preparation and Western Blot Analyses. The in-frame Arabidopsis full-length PII cDNA was cloned into a pMALc2 vector (New England Biolabs) to generate the maltose-binding protein (MBP)-PII fusion protein. Induction, extraction, and purification of the MBP-PII fusion protein were performed as described (18) . The affinity-purified MBP-PII protein was separated by 12% (wt͞vol) SDS͞PAGE according to Laemmli (19) . Coomassie blue R-250 dissolved in water was used to visualize the protein bands (20) . The MBP-PII bands identified by Coomassie blue staining were cut out of the gels, bulked, and eluted. The antibody preparation and Western blot analyses were performed as described (21) . The enhanced chemiluminescence (ECL) system was used for detection in Western blot analyses and was performed according to the manufacturer's instructions (Amersham).
Protein Extraction and Chloroplast Isolation. Rosette leaves from 4-week-old Arabidopsis plants grown in soil were used for total protein extraction and chloroplast isolation. Total proteins were extracted from Arabidopsis leaves with SDS extraction buffer as described (21) . Chloroplasts were isolated with discontinuous Percoll gradients, and the isolated chloroplasts were treated with protease as described (22) .
Analyses of DNA and RNA. Arabidopsis genomic DNA was isolated as described (18) . RNA was isolated by using a phenol extraction protocol (23) . Southern and Northern blotting were performed as described (24) . For detection of GLB1 mRNA, membranes were hybridized with single-stranded digoxigeninlabeled probes made from GLB1 cDNA by using PCR (25) . To generate probes Ϸ540 nucleotides in length covering the PIIcoding region and part of the 3Ј-noncoding region, primers MH5 (GAAACCAAACACAGACTCC) and MH6 (CCGAGTA-ATAACAGTCGTC) were used. The ASN1 single-stranded digoxigenin-labeled probe was generated by PCR using oligonucleotide primers 5Ј-AACTCCGATAGCGGCTC-3Ј and 5Ј-CTCTATTTCCACAAGGCACC-3Ј (5). The control digoxigenin-labeled probe for 18S rRNA was made by random priming. Northern blots were hybridized at 42°C in 50% formamide hybridization solution overnight and washed with 0.5ϫ SSC, 0.1% (wt͞vol) SDS at 65°C for 30 min. Detections were performed according to the Boehringer Mannheim Genius System user's guide. All Northern blots presented herein were repeated at least three times with comparable results.
Analyses of Arabidopsis PII Transgenic Plants. The fulllength Arabidopsis GLB1 cDNA was subcloned into a plant expression vector (pTEV) (26) in the sense or antisense orientation. After vacuum infiltration, 81 sense transformants were recovered. T1 progeny test revealed that 46 lines harbored a single transgene insertion as determined by the ratio of 3:1 (Kan R :Kan S ). The overexpression of GLB1 in these lines was confirmed by Northern blot analyses (data not shown). Ten single insertion lines were randomly selected to test for homozygocity in the T2 generation. The ectopic expression of PII in the T3 homozygous lines was further confirmed by both Northern and Western blot analyses. These lines were used for carbon͞nitrogen sensing test. Results from eight independent lines, PII-1, -4, -24, -25, -26, -27, -43, and -44, are shown in Fig.  6 . The extraction and quantitation of anthocyanin was performed as described (27) . Of Ͼ100 antisense GLB1 lines generated, none showed significantly reduced levels of GLB1 mRNA or PII-like protein.
RESULTS

Cloning and Identification of cDNAs for PII Homologs from
Arabidopsis and Castor Bean. The predicted full-length PII polypeptide encoded by the Arabidopsis GLB1 cDNA is 196 aa with a molecular weight of 21,375 daltons. So far, glnB or glnB-like genes have been identified in a broad set of microorganisms, including enteric bacteria, cyanobacteria, and various archaea. Representative bacterial and archael PII sequences were aligned with plant PII sequences and the results are shown as Fig. 1 A. The region of homology to prokaryotic PII encompasses the entire microbial PII protein and occurs between amino acids 74 and 186 of the Arabidopsis PII-like protein (Fig. 1 A) . In this region, the overall identity between the encoded plant PII-like protein and E. coli PII is 50% (28) . Within the region corresponding to E. coli PII, the deduced amino acid sequences of plant PII share high overall identities with other representative microbial glnB genes including: Synechosystis sp. PCC 6803 (54%) (29) , Synechococcus sp. PCC 7942 (54%) (30) , Klebsiella pneumoniae (50%) (31) , Rhizobium leguminosarum (47%) (32) , Bradyrhizobium japonium (46%) (33) , Azospirillum brasilense (46%) (34) , Rhodobacter capsulatus (46%) (35) , and Methanococcus glnB-like protein 1 (35%) (36) (Fig. 1B) .
In addition to the high overall identity between various PII proteins of prokaryotes and the PII-like proteins in plants, extremely high local identities occur over signature domains, especially in signature domain II of the prokaryotic PII protein (79% identity, Fig. 1 A) and in signature domain I (Y-R-G-[AS]-E-Y), which contains the Tyr-51 residue that is posttranslationally modified by uridylylation in enteric bacteria (6, 8) . In both Arabidopsis and Castor bean PII-like proteins, the corresponding Tyr-51 in signature domain I is replaced by a phenylalanine (Fig. 1 A) . This suggests that the plant PII-like protein may not be modified by uridylylation in the corresponding signature domain I. Interestingly, even though the PII protein identified in cyanobacteria contains the conserved Tyr-51 residue in signature domain I, it is not modified by uridylylation and is instead modified by phosphorylation at the Ser-49 residue (37). Both plant PII-like proteins contain this conserved Ser-49 residue. The conserved signature domain II,
, common to all prokaryotic PII proteins, is extremely well conserved within Arabidopsis and Castor bean PII-like proteins (Fig. 1C) . The high conservation of signature domain II among archael, bacterial, and eukaryotic PII proteins suggests that this domain may play an important, as yet unknown, function in PII proteins across all three domains of life.
The derived sequences of plant PII proteins from Arabidopsis and Castor bean are 90.3% identical to each other within the region corresponding to microbial PII (Fig. 1C) . Beyond this region, the identity between these two plant PII-like proteins decreases dramatically, especially in the N-terminal region (amino acid residues 1-55) (Fig. 1C) . This nonconserved N-terminal region in the plant PII-like protein (which is not present in the microbial PII protein) most likely serves as a chloroplast localization signal (see below).
The Arabidopsis PII-Like Protein Is Localized in Isolated Chloroplasts. The molecular mass of the Arabidopsis PII-like protein deduced from the GLB1 cDNA clone is Ϸ21.4 kDa. However, Western blot analysis of total leaf proteins indicates the Arabidopsis PII-like protein is Ϸ18 kDa (Fig. 2A, lane 1) . This size discrepancy suggests that the Arabidopsis PII-like protein may be processed inside the plant cells, most likely in chloroplasts. This is a likely site of localization because the glnB gene of a red alga, P. purpurea, is located in the chloroplast genome (16) . To determine whether the plant PII-like protein is localized in chloroplasts, the proteins from isolated, protease-treated, Arabidopsis chloroplasts were probed by Western blot analysis. The PII-like protein detected was 18 kDa in size (Fig. 2 A, lane 2) . As a positive control for chloroplast purity, antibodies that recognize both cytosolic and chloroplastic isoforms of GS were used to probe the same protein samples by Western blot analysis. Both cytosolic GS (39 kDa) and chloroplastic GS (43 kDa) were detected in the Arabidopsis total proteins (Fig. 2B, lane 1) . By contrast, only chloroplastic GS was detected in the protein fraction from isolated chloroplasts (Fig. 2B, lane 2) , thus confirming the purity of the chloroplast preparation. Therefore, the PII-like protein of higher plants appears to be a chloroplast protein that is nuclear encoded.
The Arabidopsis GLB1 Gene Maps to the Top of Chromosome IV. To prove that the Arabidopsis GLB1 cDNA is a bona fide plant gene, we first performed genomic Southern analyses at both high and low stringencies. The results indicate that GLB1 appears to be a single or low copy number gene in Arabidopsis (data not shown). We also mapped the GLB1 gene to a location on the Arabidopsis chromosomes by using recombinant inbred lines (38) . The GLB1 gene mapped at 10.8 cM from the top of chromosome IV with neighboring physical markers g3843 and BIO219 (Fig. 3B) .
Levels of Arabidopsis GLB1 mRNA Are Induced by Light. Because light appears to coordinate the expression of nitrogen assimilatory genes such as NR, GLN2, and GLU1 (glutamate synthase) with that of photosynthetic genes such as rbcS (Rubisco small subunit) (4), we examined whether light also could regulate the accumulation of Arabidopsis GLB1 mRNA. Northern blot analyses showed that GLB1 mRNA accumulates preferentially in light-grown plants compared with plants dark-adapted for 48 hr (Fig. 4A, lanes 1 and 2) . Because levels of GLB1 mRNA appeared to be induced by light, we conducted a time course of light induction of the expression of the GLB1 gene to see whether it occurs rapidly. Levels of GLB1
FIG. 2. The Arabidopsis PII-like protein is localized in chloroplasts. Western blot analyses of Arabidopsis PII-like protein (A) and GS (B).
The Arabidopsis PII-like protein can be detected in leaf total proteins (T) or in chloroplastic proteins (C) as shown in A. As a control, cytosolic GS (GLN1) was detected in leaf total proteins (T) but not in the chloroplastic proteins (C). By contrast, chloroplastic GS (GLN2) was detected in both total proteins (T) and chloroplastic proteins (C) as shown in B.
FIG. 3. The
Arabidopsis GLB1 gene maps to the top of chromosome IV. Restriction enzyme BglII was used to digest Arabidopsis genomic DNA to determine an restriction fragment length polymorphism between the Columbia (C) and Landsberg (L) ecotype as shown in A. This restriction fragment length polymorphism was used to determine the genotype in 32 recombinant inbred lines developed for C and L ecotypes as described (38) . The map position of GLB1 gene is shown relative to its physical flanking markers g3843 and BIO219. (Fig. 4B, lanes 2-6) . Levels of GLB1 mRNA remain high even after 24-or 48-hr light treatment (Fig. 4B, lanes 7 and  8) . Levels of Arabidopsis GLB1 mRNA Are Induced by Sucrose and Repressed by Amino Acids. The effects of light on the induction of GLB1 mRNA may be direct via photoreceptors and͞or indirect from photosynthetic products. To test the possible involvement of the red light photoreceptor phytochrome, 5-day-old dark-grown seedlings were treated with pulses of light known to activate (red) or inactivate (far-red) phytochrome. The red light pulse or red light followed by a far-red light pulse did not significantly affect levels of GLB1 mRNA (data not shown). These results suggest that phytochrome has no significant effects on the induction of the GLB1 gene. We therefore examined whether sucrose could affect the levels of Arabidopsis GLB1 mRNA. Steady-state levels of GLB1 mRNA are low in dark-adapted plants and are induced by light. (Fig. 5A, cf. lanes 1 and 4) . The effects of light on GLB1 mRNA can be mimicked in dark-adapted plants by the addition of 3% sucrose (Fig. 5A, lane 2) but not by mannitol, a nonmetabolizable carbon source (Fig. 5A, lane 3) . This control indicates that the induction of GLB1 mRNA by sucrose is not due to osmotic effects. Interestingly, sucrose plus light can induce GLB1 mRNA accumulation beyond light-induced levels (Fig. 5A, lane 5) . Again, this additive effect of light and sucrose is not obtained in the control mannitol plus light treatment (Fig. 5A, lane 6) . The induction of GLB1 mRNA by sucrose independent of light and the additive induction of GLB1 mRNA by sucrose in the presence of light suggest that the effects of light on GLB1 mRNA induction may derive at least in part from photosynthetic products.
We have shown that the sucrose effects on the expression of nitrogen assimilatory genes such as AS and GS could be at least partially reversed by the addition of organic nitrogen such as asparagine, glutamine, and glutamate (4, 5) . Therefore, we next tested whether these amino acids supplied exogenously also would antagonize the sucrose induction of GLB1 mRNA.
Arabidopsis plants grown for 16 days in a normal day͞night cycle were light adapted for 48 hr in the absence or presence of 3% sucrose (Fig. 5B, lanes 1 and 2) . Levels of GLB1 mRNA are maximally induced under the treatment of light plus sucrose (Fig. 5B, lane 2) . The addition of Asn, Gln, or Glu partially reverses the inductive effects of light and sucrose on GLB1 mRNA accumulation albeit to different extents (Fig.  5B, lanes 3-5) .
Nitrogen-Related Phenotype of PII Overexpressors. Because the expression of the GLB1 gene is regulated by light and by carbon and nitrogen metabolites, we aimed to test the effects of deregulating this controlled expression. To this end, GLB1 mRNA was synthesized constitutively in transgenic plants containing a full-length GLB1 cDNA whose expression was driven by a CaMV 35S promoter. Eight independent transgenic lines (lines 1, 4, 24, 25, 26, 27, 43, and 44) were shown to overexpress the Arabidopsis PII-like protein (Fig.  6A) . To test whether these PII overexpressors were affected in carbon͞nitrogen sensing, we performed an in planta bioassay. Wild-type (wt) plants grown on media containing 3% sucrose without a nitrogen source accumulate high levels of anthocyanin (Fig. 6B) . This sucrose-induced anthocyanin accumulation in wt plants can be relieved by the addition of inorganic nitrogen in the form of ammonium nitrate (data not shown). We extended these studies to the level of organic nitrogen and demonstrated that the sucrose-induced anthocyanin accumulation in wt plants can be relieved by the addition of exogenous Gln (1 mM) (Fig. 6C ). Next, we tested whether Gln could reverse sucrose-induced anthocyanin accumulation in PII overexpressors. Like wt plants, PII overexpressors accumulate high levels of anthocyanin when grown in 3% sucrose with no nitrogen source (Fig. 6B, PII-24) . Similarly, inorganic nitrogen (ammonium nitrate) can reverse sucrose induced anthocyanin accumulation in PII overexpressing plants (data not shown). However, 1 mM Gln was much less effective in reversing the sucrose-induced levels of anthocyanin in all eight independent PII overexpressing lines compared with wt plants (Fig. 6 C and  D) . Anthocyanin content in PII overexpressors grown in 3% sucrose plus 1 mM Gln is 60-190% higher than wt (Fig. 6D) . This differential effect of Gln on wild type vs. PII overexpressors also was observed at several different concentrations of sucrose and Gln (3% suc ϩ 3 mM Gln, 6% suc ϩ 1 or 3 mM Gln) (data not shown). This in planta phenotype suggests that the PII protein may be involved in sensing the status of carbon and organic nitrogen in higher plants.
DISCUSSION
Unlike the extensive studies of nitrogen regulatory mechanisms in bacteria, very little is known about how plants sense changes in the internal carbon͞nitrogen status. Recently, hexokinase has been proposed as a sugar sensor in higher plants (39, 40) . It is not clear whether plants have a separate nitrogen sensor or some kind of mechanism involved in sensing the internal status of both carbon and nitrogen. In this report, we identify a plant nuclear gene (GLB1), which encodes a homolog of the prokaryotic PII protein, a component of the bacterial Ntr system. Western blot analysis reveals that the Arabidopsis PII-like protein is localized in the chloroplast (Fig.  2) . Thus PII in plants is a nuclear-encoded chloroplast protein.
It is noteworthy that the glnB gene encoding the PII protein of a red alga, P. purpurea, is also a chloroplast protein but is encoded by the chloroplast genome (16) . The high overall identity of PII-like proteins in prokaryotes and eukaryotes, and the subcellular localization of eukaryotic PII-like proteins in chloroplasts of higher plants and red algae, suggests the genes encoding these proteins in archaea, bacteria, red algae, and higher plants may have evolved from a common ancestral gene.
The Arabidopsis GLB1 gene was expressed in all organs tested (data not shown), and the levels of GLB1 mRNA were regulated by light and metabolites. Thus, it appears that regulation of PII in plants may be transcriptional. In contrast to the glnB gene of E. coli, which is expressed constitutively and regulated post-translationally, the newly identified glnK gene encoding a second PII-like protein in this organism is regulated transcriptionally as well as being post-translationally modified (41) . The glnB genes of several bacteria such as B. japonicum, A. brasilense, and R. capsulatus also are regulated at the transcriptional level in response to nitrogen availability (42) (43) (44) . Recently, it has been reported that the expression of the glnB gene in the cyanobacterium Synechocystis sp. PCC 6803 is regulated in response to the nitrogen source, light-dark transitions and photosynthetic inhibitors (29) .
To test the in vivo function of the Arabidopsis PII-like protein, we created transgenic Arabidopsis in which PII expression was constitutive. The phenotype of Arabidopsis PII overexpressors grown under different regimes of carbon͞ nitrogen supports the notion that the PII protein in plants also may act as a nitrogen sensor. When wt plants are grown in media with high sucrose and no nitrogen, the synthesis of anthocyanins is induced (27, 45) . The addition of inorganic nitrogen such as ammonium nitrate can relieve the sucroseinduced accumulation of anthocyanin in these wt plants. Similarly, PII overexpressing plants accumulate high levels of anthocyanin when grown in media containing high sucrose and no nitrogen, and ammonium nitrate can relieve anthocyanin accumulation (data not shown). However, when Gln was used as the only nitrogen source in media with high sucrose, anthocyanin levels in PII overexpressors remained high, compared with wt ( Fig. 6 C and D) . Thus it appears that PII overexpressors are impaired in their ability to sense or metabolize Gln. It is possible that the over production of the Arabidopsis PII-like protein in chloroplasts may alter the availability or metabolism of Gln as a nitrogen source in the chloroplast. Alternatively, the Arabidopsis PII-like protein may be involved in the regulation of the biosynthesis of anthocyanins. Further studies regarding these hypotheses need to be performed and the components with which the plant PII-like protein interacts need to be identified.
Despite the broad existence of genes encoding PII-like proteins in bacteria and archaea, the functions of PII-like proteins have been defined in only a few bacteria. Among its defined functions, the PII protein is best understood as a protein allosteric effector that controls GS in E. coli and K. pneumoniae, as discussed above. The other proposed functions of the PII protein also are related to nitrogen metabolism. For example, in R. leguminosarum, in addition to regulating glutamine synthetase, PII-UMP has been suggested as a positive effector of nitrate utilization (nas) genes (46) . In addition, the R. meliloti PII protein encoded by glnB is involved in infection and nodule development of the host plant alfalfa, and its role in controlling the expression or activity of a bacteroid ammonium transporter has been proposed (47) . Moreover, PII is a positive effector of the transcriptional activator NifA for the nitrogen fixation genes in the diazotrophic bacterium A. brasilense (48) . In cyanobacteria, no NtrB͞NtrC homologs have been identified, and there is no evidence that glutamine synthetase is regulated by adenylylation. However, a glnB gene has been identified in cyanobacteria such as Synechococcus sp. PCC 7942 (30) and Synechocystis sp. PCC 6803 (29) . The Synechococcus sp. PCC 7942 PII protein is involved in mediating the coordination between carbon and nitrogen assimilation (49, 50) and in mediating nitrate͞nitrite uptake (51) .
To our knowledge, this is the first report describing a protein, the PII-like protein, with a putative role in nitrogen sensing in higher plants. The presence of the PII protein in archaea, bacteria, and now in higher eukaryotes (plants) suggests PII is one of the most widespread regulatory proteins known in these three domains of life. Predictions from x-ray structure and extensive site mutation studies have revealed that the exposed loops of E. coli PII and cleft formed at their interface are the sites of regulatory interactions (14, 15, 52) . The primary structure of the plant PII-like protein, especially the signature domain II, is highly homologous to prokaryotic PII. It will be interesting to know whether this highly conserved domain is involved in similar functions. We are in the process of identifying or creating mutants of higher plants that lack PII to examine how the loss of PII affects C͞N sensing and to understand the exact mechanism by which this occurs.
